Objective An increasing number of countries have been estimating the distribution of new adult HIV infections by modes of transmission (MOT) to help prioritise prevention efforts. We compare results from studies conducted between 2008 and 2012 and discuss their use for planning and responding to the HIV epidemic. Methods The UNAIDS recommended MOT model helps countries to estimate the proportion of new HIV infections that occur through key transmission modes including sex work, injecting drug use (IDU), men having sex with men (MSM), multiple sexual partnerships, stable relationships and medical interventions. The model typically forms part of a country-led process that includes a comprehensive review of epidemiological data. Recent revisions to the model are described. Results Modelling results from 25 countries show large variation between and within regions. In sub-Saharan Africa, new infections occur largely in the general heterosexual population because of multiple partnerships or in stable discordant relationships, while sex work contributes significantly to new infections in West Africa. IDU and sex work are the main contributors to new infections in the Middle East and North Africa, with MSM the main contributor in Latin America. Patterns vary substantially between countries in Eastern Europe and Asia in terms of the relative contribution of sex work, MSM, IDU and spousal transmission. Conclusions The MOT modelling results, comprehensive review and critical assessment of data in a country can contribute to a more strategically focused HIV response. To strengthen this type of research, improved epidemiological and behavioural data by risk population are needed.
INTRODUCTION
Significant progress has been made in the HIV response in recent years and programmes are reaching more people and achieving better results than ever before. 1 However, at a time when the impact is finally becoming evident, international funding for HIV is under threat and it is imperative to invest available resources more strategically. 2 3 Effective prevention programming and resource allocation requires knowledge of transmission patterns in a country and of the types and frequencies of behaviours that expose people to HIV infection either through unprotected sex, the use of contaminated equipment to inject drugs or through contact with infected blood or blood products. These patterns vary widely between countries and regions, and can change over time within a country because of the natural evolution of the epidemic 4 and the impact of prevention efforts. 5 The dynamic nature of the epidemic makes it essential to understand the current distribution of new HIV infections. Direct measurement of HIV incidence and its correlates and determinants through longitudinal follow-up is difficult and expensive, while the use of currently available laboratory assays to detect recent infections still has limitations. 6 7 Estimates of HIV incidence to date have therefore been dependent mainly on the development and use of mathematical models, some of which have been widely used to inform the planning of country specific programmes. [8] [9] [10] [11] [12] [13] The Modes of Transmission (MOT) model was originally developed by the UNAIDS Reference Group on Estimates, Modelling and Projections and revised and adapted by UNAIDS to help countries estimate the proportion of new infections that may occur through key transmission modes using basic epidemiological and behavioural data as input. Initial applications of the model 5 14 illustrated the variation in patterns of new infections between countries and suggested that this type of incountry application could be used to inform prevention planning.
Application of the model at country level, dependent on the availability of relevant epidemiological data, has since been recommended as part of the 'Know your Epidemic/Know your Response' initiative by UNAIDS to encourage the use of strategic information to help plan more appropriate and effective responses to the HIV epidemic.
Since 2007, an increasing number of countries have been using the UNAIDS MOT model to estimate the distribution of new adult HIV infections by key modes of exposure. In this paper we discuss the application of the model, compare results between countries in several regions across the world and discuss their use for planning more effective HIV prevention strategies. We also discuss recent revisions and updates to the model.
METHODS AND PROCESS Model
The MOT model was developed as an easily accessible spreadsheet tool to help countries estimate the proportion of new HIV infections that may occur among adults aged 15-49 years through key transmission modes. The risk populations that are precisely defined by countries include sex workers and their clients, injecting drug users (IDUs), men who have sex with men (MSM), people with multiple heterosexual partners in the last year, the spouses of those people with higher risk behaviour, people in stable, mutually faithful heterosexual relationships (including married and cohabiting couples) and people who are at risk of infection through medical injections or blood transfusions. Additional risk populations such as prison populations or transgender women can be included if the required data are available for estimating the risk of infection. The model, described elsewhere 14 and available at http://www.unaids.org, utilises data on the sizes of risk populations, current HIV prevalence, patterns of risk behaviour and levels of protection against HIV infection (reported use of condoms during sexual contact or sterile equipment during drug injection), together with the transmission probabilities associated with specific risk behaviours. It uses a binomial function to estimate the probability of transmission in each identified risk population. The number of sexual/injecting partners and unprotected sex/injecting acts per partner per year determines the annual number of potential risk encounters in each population group, while the likelihood that any contact will be with an HIV infected partner is determined by the HIV prevalence in the corresponding partner population. The model allows for the modification of the probability of sexual transmission according to the level of male circumcision and the presence of sexually transmitted infections (STI). Estimates of the transmission probabilities for the main transmission modes (heterosexual male-to-female and female-to-male, MSM, IDU, medical injection and blood transfusions) and STI cofactors are derived from the scientific literature.
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Recent updates
Given the importance of optimising the allocation of resources in HIV prevention programmes, methods for estimating the sources of new HIV infections in countries with generalised epidemics, including the MOT model, were discussed at the first meeting of the international HIV Modelling Consortium in 2011. 20 Following recommendations at the meeting, the MOT model has been revised firstly to account for current coverage of antiretroviral therapy and its potential impact on HIV transmission 21 ; and secondly to incorporate the calculation of uncertainty bounds as part of the routine application of the MOT model.
A procedure was developed to estimate uncertainty bounds for the MOT analysis in recognition of data limitations and uncertainty associated with the model inputs. 22 Using plausibility ranges on the key input parameters, prespecified by the user and informed by available data where possible, the model independently and uniformly samples a large number (typically about 1000) of parameter combinations to calculate model outputs from which uncertainty bounds are derived. The total population size and HIV prevalence in the adult population are maintained by allowing the values for the low-risk population to vary according to the proportion of individuals and HIV prevalence in the other risk groups. While this method allows for uncertainty associated with input parameters, it does not fully account for systematic biases in reported behaviours, correlated errors between model parameters or for uncertainty arising from the structural assumptions of the model.
Review of epidemiological data
One of the key conditions for the application of the MOT model is the availability of country-specific data to inform input parameters. The application of the MOT model in a country should therefore be preceded by a comprehensive review and an assessment of the quality of available epidemiological and behavioural data by risk population. A separate Excel-based tool has recently been developed by UNAIDS to help facilitate the process at country level. It consists of a checklist to assess if required data are available, and various worksheets to help extract and assess the quality of available data by risk population. This tool, referred to as the EPI-MOT tool, with instructions for its use, is available at http://www.unaids.org/en/ dataanalysis/datatools/incidencebymodesoftransmission/.
Country process
Since 2007, MOT studies have been completed or are underway in more than 30 countries in different regions across the world. The selection of countries to conduct MOT studies has been greatly determined by the availability of essential data, while also considering factors such as country leadership, the incountry capacity to conduct MOT studies and the opportunity for linkage with national planning cycles or evaluation processes.
In the majority of these countries, the MOT analysis has been based on a comprehensive review of HIV epidemiological and behavioural data. The total adult HIV incidence estimated from the MOT model is usually compared with other available estimates (eg, such as those obtained from the Spectrum software) to ensure consistency. The incountry process is typically overseen by a national study team or steering committee with technical support from national and international consultants from various academic institutions for the collection, review and analysis of data. Technical and financial support have been provided by UNAIDS, The World Bank, USAID, PASCA and other organisations.
In several countries the results of the MOT analysis have been compared to National AIDS Spending Assessments (NASA) to assess if the allocation of HIV prevention resources is aligned with the distribution of new HIV infections.
RESULTS
The country-led MOT studies began in five countries in Southern and east Africa (Lesotho, Kenya, Mozambique, Swaziland and Uganda) in 2007/2008 with the support of UNAIDS and the World Bank. 23 The results of the MOT analysis together with comprehensive reviews of HIV epidemiological data were summarised in country specific reports and have been presented at several national and international conferences. [24] [25] [26] [27] Other countries in this region, including Rwanda (2009), 28 Zambia (2008), 29 South Africa (2010) 30 and Zimbabwe (2011) 31 have since completed similar exercises. In 2008, following comprehensive reviews of the HIV epidemics in several countries in West Africa, 32 MOT studies were conducted in Benin, 33 Burkina Faso, 34 Côte d'Ivoire, 35 47 ) and Asia (Philippines, Nepal, Myanmar, Indonesia in 2011). 48 
Model inputs
Variation within and between regions in the estimated sizes of the different risk populations, as well as in HIV prevalence are shown in tables 1 and 2. Country specific input data are available from country reports and can be accessed at http://www.unaids. org/en/dataanalysis/tools/incidencebymodesoftransmission/
Model outputs
Estimates of the country specific distribution of new infections by MOT are shown with uncertainty bounds in figure 1. The estimated adult incidence ranged from a low of about 10 per 100 000 in eastern European countries to as high as 2000 per 100 000 adult population in some Southern African countries. The contribution of individual risk populations to the total number of new infections varied substantially between countries and regions. In Southern and east Africa, the majority of new infections (between 60% and 95%) were estimated to occur in the general heterosexual population, among those people who have multiple sex partners, their regular partners, and those in stable, mutually faithful but discordant relationships. In some countries, notably Kenya and South Africa, substantial numbers of new infections, though with wide uncertainty ranges, were estimated to occur among key populations at higher risk of infection including sex workers and their clients, IDUs, MSM and the prison population in Kenya, contributing jointly to about 33% of new infections in Kenya and 26% in South Africa. Sex work, including sex workers, their clients and the regular partners of clients, contributed to between 7% and 11% of new infections in Uganda, Swaziland and Zambia. In west Africa, substantial proportions of new infections (10%-32%) were estimated to occur as a result of sex work, while between 54% and 72% were estimated to occur in the general population among those who have multiple sex partners, their spouses and those in stable discordant relationships. In Iran, the largest proportion of new infections were estimated to occur among IDUs and their sexual partners (68%; uncertainty range 57%-78%) while sex work was the main contributor to the epidemic in Morocco, with 43% (26%-64%) of new infections occurring among sex workers, their clients and the regular partners of clients. In Latin American and Caribbean countries, the largest proportion of new infections (from 33% in Dominican Republic to 56% in Peru) were estimated to occur among MSM, while substantial proportions of new infections were also estimated to occur among sex workers and their clients, and in the general heterosexual population. In Eastern Europe, while uncertainty bounds are wide, new infections were estimated to be concentrated mainly among IDUs and their sexual partners, accounting for more than 40% of new infections, and among MSM, accounting for 10% (2%-32%) in Moldova and 24% (18%-32%) in Armenia. Modelling of the epidemic in Myanmar showed significant numbers of new infections (45%; range 26%-70%) occurring among MSM, IDU, sex workers and their clients, while a large proportion of new infections (32%; range 22%-42%) were also estimated to occur among people in stable heterosexual relationships, primarily to partners of current and former clients of sex workers, MSM and IDUs. The high level of spousal transmission is characteristic of long running concentrated epidemics in Asia, and highlights the continuing dominance of male risk behaviours in driving transmission in the region.
In the Philippines, the MOT model was applied to data from 2009 and 2011 and figure 1E shows how rapidly the transmission modes can change in low-level and concentrated epidemics. The epidemic in mid-2009 was heavily dominated by MSM, as supported by the rapidly growing proportions of cases reported to the HIV Registry. However, an outbreak of HIV among IDUs in Cebu occurred in late 2009 with prevalence levels rising from 0.59% to 53% by mid-2010. By 2011, the contribution of IDUs to the total number of new adult infections had changed from a small component of the national epidemic to an estimated 36% (21%-54%).
Model validation
Attempts have been made in some countries to validate the results of the MOT studies. In Kenya, an independent assessment of the last 1000 infections by an expert committee in 2005 49 concluded that sex work (both commercial and transactional), HIV transmission in stable relationships and casual sex alongside intergenerational sex are the key drivers of the epidemic. It also provided warnings of the emergence of IDU in Kenya, and the importance of MSM and the prison population in HIV transmission. These early results were consistent with the application of the MOT model in 2006 14 and in 2008. 24 In Myanmar, the MOT results were compared to those of the Asian Epidemic Model (AEM) and showed differences that were largely traceable to the transmission probabilities used in the two models. 48 In the AEM the transmission probabilities are usually adjusted so that predicted model prevalence based on local behavioural data matches locally observed prevalence trends from surveillance over a number of years, while the MOT utilises one set of default transmission probabilities. The AEM often requires larger transmission probabilities than those used in the MOT model to match observed prevalence patterns, which may reflect the impacts of primary HIV infection in high turnover populations. In Morocco, notified HIV/AIDS cases confirmed the dominance of the heterosexual mode of HIV transmission. 44 
Response to the epidemic, allocation of resources and country experiences
The MOT studies, including the epidemiological reviews and MOT modelling, have been positively received by policy makers and programme implementers and in several countries the results have been considered in national response planning and in grant applications.
In Morocco, the comparison of the distribution of new HIV infections with prevention expenditures using the NASA showed that while key populations (sex work, MSM and IDU networks) were estimated to account for about two thirds of all new HIV infections, less than one third of HIV/AIDS prevention expenditures were directed towards them (figure 2). 44 50 However, these results were considered in the planning of the 2012 to 2016 National Strategic Plan, which shows significant revisions and proposals to allocate 63% of AIDS resources towards prevention among key populations. 51 In west Africa, comparison of MOT results with NASAs showed that sex workers and clients, MSM and IDUs contributed to an estimated 20% of new infections in Burkina Faso, 15% in Côte d'Ivoire and 22% in Ghana, while only 1.7%, 0.4% and 0.24% of prevention expenditure, respectively, were allocated to these groups. 52 Following the MOT studies in this region, there has been an increased focus on key populations. In Benin, more resources are being allocated to sex workers and their clients, and in Ghana, Côte d'Ivoire and Burkina Faso the new national strategic plans propose increases in the budget allocation for prevention among key populations.
The MOT exercise in Kenya resulted in an increased focus on key populations including MSM, prison populations, IDUs and sex workers and their clients. The results guided the 2009/2010 to 2012/2013 national strategic plan 53 and led to significant funding increases for services targeting key populations. At the same time, the results emphasised the importance of transmission within couples.
In Nepal, the MOT process was challenging because of data limitations, but the process itself encouraged more careful review of the data and reassessment of the contribution of migrants to the national epidemic. In the Philippines, the MOT study was particularly timely as it coincided with an explosive epidemic among IDUs in Cebu and MSM nationwide. While the MOT process promoted a closer look at recent epidemiological data, it was also considered a useful advocacy tool for illustrating to local leaders and programme managers the potential impact that focused prevention efforts in a population such as IDUs could have on the epidemic. 48 In Myanmar and Indonesia, both the MOT workbook and AEM were applied to analyse the MOT; and both countries used the MOT findings from AEM to inform national strategic planning.
An important contribution of the MOT results has been the identification of data gaps and limitations and has led several countries to plan further data collection, improve surveillance and carry out studies on key populations. For example, in Moldova the MOT findings were considered in a data triangulation process in preparation for the national AIDS programme; efforts to collect more data among key populations have been proposed in grant applications in Ghana; while studies have been initiated in Zimbabwe to estimate the sizes of key populations. In El Salvador, the completion of the MOT study coincided with the preparation of the national research plan, and the knowledge gaps identified during the MOT process led to recommendations for further data collection, specifically on sexual behaviour and HIV prevalence among key populations.
In Guyana, application of the newly developed EPI-MOT tool to assess availability and quality of epidemiological data helped the country to identify data limitations and problems. Based on this assessment the country decided not to immediately conduct the MOT modelling but to first collect more data, and to improve HIV surveillance and data quality. 42 
DISCUSSION
A focused and strategic approach to the HIV response should be based on a clear understanding of the spatial and temporal variation of HIV transmission patterns and associated risk behaviours. The 'Know your Epidemic/Know your Response' efforts are intended to help countries become more systematic in their prevention approaches by using strategic information to inform programme planning and decisions regarding resource allocation. The proposed process includes a comprehensive review of available epidemiological data, analysis to determine the distribution of new infections by MOT, and a comparison of current prevention responses and resource allocation with the modelled HIV incidence estimates. The MOT analysis has constituted a vehicle through which this approach has been considered, developed and implemented.
To date, MOT analyses have been conducted or are underway in more than 30 countries worldwide. Results for those countries that have successfully completed MOT exercises are summarised in this article and show wide variation between and within regions. In sub-Saharan Africa, application of the MOT model has shown that the majority of new infections are likely to occur in the general population among stable, discordant couples and those individuals who have multiple sex partners. Priority should therefore be given to those interventions and combinations of interventions, specific to the local context, which may have the biggest impact on the epidemic including the promotion of medical male circumcision in high HIV prevalence countries, expanding HIV testing and counselling services and expanding access to antiretroviral therapy for treatment and prevention. It should also continue to promote safe sexual behaviour including the reduction of multiple sexual partners and high levels of condom use, and strengthen comprehensive HIV programmes for sex workers.
In Latin America, prevention efforts should continue to focus on reducing risky behaviour among MSM, while efforts in Morocco, North Africa, should focus greatly on commercial sex networks. These programmes should include targeted communication, education and condom programming, as well as community mobilisation. In eastern Europe and the Middle East, reducing new infections among IDUs should be essential, by providing sterile drug injecting equipment and drug substitution therapy. Access to antiretroviral therapy should be promoted in all key populations to ensure good health outcomes and to reduce HIV transmission, while it is essential that programme activities for key populations be complemented by increased support for the protection of human rights, outreach to marginalised populations and for the reduction of stigma. 2 The MOT results in Asia confirm the continuing focused nature of the epidemics in the region, with new infections concentrated in key populations and their immediate sexual partners. However, there is wide variation in the contribution of the different groups to the HIV epidemics in the region and the situation can change rapidly over a short time, as was illustrated in the Philippines. 11 This diversity can be explained by variations in the size of key populations, behavioural factors, biological factors, timing of the introduction of HIV and the level and effectiveness of responses in key populations. 54 As a consequence, the focus of effective prevention responses can vary greatly and careful local assessments are needed to guide those responses.
While HIV remains concentrated in key populations in most countries in Asia, the contribution of transmission to spouses of those currently or formerly at higher risk (clients of sex workers, MSM, IDU) has increased in several countries in recent years. In Myanmar, for example, while a strong national response has stabilised HIV among sex workers and their clients, 48 it is estimated that about one third of new infections may be occurring among people in stable relationships. However, prevention responses focused on these discordant couples in long-running Asian epidemics remain weak and an important prevention gap. It should be noted that this pattern is an outgrowth of the continued focused nature of risk in Asia and does not call for a shift from focused prevention efforts to general population efforts. 3 The limitations of the model have been discussed in depth at meetings 20 and have been documented in several scientific articles, 14 55 56 country and regional reports. 48 52 These have been considered seriously and have already led to revisions in the MOT model and the process. It includes limitations related to the structure of the model, the availability and quality of empirical data used in the model, and the interpretation of results. 55 Briefly, the model does not take into account the heterogeneity in behaviour within risk populations or overlapping risk behaviours; it does not allow for variation in the probability of transmitting HIV by stage of infection; and as a static model it does not take account of historical trends in prevalence and changes in individual or population level behaviour over time.
Limitations in the availability and quality of required data in countries are of particular concern. Data on key populations are often limited and difficult to obtain and studies conducted among these populations, particularly in countries where such populations are stigmatised or marginalised, are most often not representative of the entire population. In some countries the size of the stable heterosexual population is assumed as the 'left-over' after all the other population group sizes have been estimated and the incidence contribution could be inflated if unknown risk groups or behaviours are not accounted for. Furthermore, the reliability of self-reported data on risk behaviour can be questionable and the extent of under-reporting or over-reporting is often not known. Some research studies have shown that responses to household survey questions about visiting sex workers or having multiple partners under-report the true behaviours. 57 To the extent that models rely on this data they may underestimate the proportion of new infections occurring among these populations. Because of limited data at subnational or provincial level, the model is usually conducted at the national level and hence subnational variation in transmission patterns is not captured. Some of the model limitations have been addressed and the most recent version of the model allows the user to include information on the use of antiretroviral therapy to account for its effect on reducing HIV transmission. Uncertainty analysis has been integrated with the standard model to assist with interpretation of results and it is now recommended that results always be presented with uncertainty bounds. In addition, UNAIDS has developed a new tool to help countries assess the availability and quality of epidemiological and behavioural data and to help users better judge the reliability of results. Where data availability and quality are not adequate, countries are advised to first collect more data or conduct further studies before application of the MOT model.
Following the international Modelling Consortium meeting in 2011, further research is being conducted on particular aspects of the model, including the influence of assumptions about hierarchies of risk in populations, and the influence of the static nature of the existing model. 20 One of the advantages of the MOT analysis is that it usually forms part of a country-owned, multistage process which includes a comprehensive review of data and, where possible, a comparison with response data. The MOT model was designed as a simple and transparent model and can be applied across a range of epidemiological settings. The model can also be used as an advocacy tool to show the influence of specific interventions such as behavioural change, voluntary medical male circumcision and use of antiretroviral therapy on the epidemic, or to highlight areas of potential improvement in the prevention response. Importantly, it helps to build capacity in countries and it brings together experts and stakeholders to critically review available data, to identify limitations or biases in the data and to identify and fill key gaps in their understanding of the epidemic and the contribution of specific risk populations. This process is central to any attempt to estimate the modes of HIV transmission. In this regard the indirect benefits of the MOT analysis and the process in several countries have exceeded their direct technical value in mapping the HIV transmission by mode of exposure.
The majority of countries that have conducted MOT studies have considered them useful. An outcome evaluation conducted in east and Southern Africa concluded that the MOT studies achieved their main purpose of reinvigorating thinking about epidemic dynamics, HIV prevention and improving the HIV response. 58 In most instances the process was well constructed and involved extensive incountry and international consultation with close involvement or coordination from the National AIDS Councils, among other governmental or nongovernmental organisations and academic institutions. Both the epidemiological reviews as well as the modelling processes involved high level expertise and experience in countries.
The results of the MOT studies have been considered in national planning efforts and grant applications in several countries. In subSaharan Africa, the role of certain key populations in the epidemics in some countries, notably in Kenya and some west African countries, has been made more prominent and these groups are now receiving more recognition in national strategic plans. In all countries the MOT analysis resulted in the recognition of data limitations and in particular, the need for improved data on key populations and risk behaviour. In several countries it has already led to attempts to improve the quality of available data sources or to collect further information through, for example, improved surveillance or size-estimation studies.
Further MOT studies are underway in various countries. Better data are still needed, further refinements to the model could be made, the models must be applied carefully and rigorously, and the model outputs must be triangulated with other sources of information on HIV transmission. The results of these studies could contribute significantly to understanding national HIV epidemics, allocating resources more efficiently and implementing a more effective HIV response.
Key messages
▸ Modes of HIV transmission and associated risk behaviours vary greatly between countries and regions and can change over time. ▸ Careful and rigorous assessment of the modes of HIV transmission, combined with a comprehensive review and critical assessment of epidemiological and behavioural data, can contribute to a better understanding of national epidemics, to a more strategic HIV response and to more efficient allocation of resources. ▸ There is a clear and urgent need for improved data on key populations and on risk behaviour in order to improve the quality of the results of future analyses. 
